Background: Acute kidney injury (AKI) occurs frequently in hospitalized patients and has been associated with the administration of certain medications. Concerns have been raised in recent reports that the antibiotic combination of vancomycin and piperacillin/tazobactam (combV/P) may be more associated with AKI than monotherapy with either drug.
Background
The administration of early broad spectrum antibiotic therapy is important in the management of common infectious syndromes such as sepsis and health-care associated pneumonia [1] . As a result, point prevalence rates are high for antibiotic use in hospitalized patients [2] . However, antibiotics are sometimes used inappropriately and are associated with multiple adverse effects [3] [4] [5] .
Acute kidney injury (AKI) during hospitalization occurs in approximately 5-20 % of inpatients and is an independent risk factor for mortality [6, 7] . AKI in this setting may occur in association with pharmaceutical agents such as intravenous contrast agents, non-steroidal anti-inflammatory drugs (NSAIDs), anticancer drugs, and antimicrobials [7] .
Two antibiotics that are commonly used in hospitalized patients are vancomycin (vanc) for gram positive coverage and piperacillin/tazobactam (piptazo) for gram negative coverage. These two antimicrobials are often used in combination [8] . Given that nephrotoxicity has been associated with each of these antimicrobials [9, 10] , we sought to determine if the risk of AKI is higher during combination vanc + piptazo therapy (combV/P) than during monotherapy with either agent in non-critically ill hospitalized patients. While studies focusing on intensive care unit (ICU) patients suggest that AKI may be associated with comb V/P, ICU patients have many confounders that increase their risk for AKI, including hypotension and shock [11] . Similar evidence from the non-critically ill hospitalized population has been heretofore lacking but is needed given that typically less than 10 % of hospitalized patients are admitted to intensive care units [12] .
Methods
We performed a retrospective study using the electronic medical record. Adult patients who were initiated on vanc and/or piptazo from January 2011 to March 2013 at Grady Health System (GHS), an urban academic medical center in Atlanta, were screened. Patients were excluded for the following reasons: (1) admission/transfer to intensive or intermediate care unit, (2) antibiotic use <48 h (subjects who experienced AKI prior to 48 h but antibiotics were continued beyond this timepoint were eligible for inclusion), (3) age <18 years, or (4) hemodialysis prior to therapy. AKI was defined by at least one of the two following: (1) ≥1.5-fold creatinine increase from admission baseline. (2) Increase in serum creatinine ≥0.5 mg/ dl from admission baseline. Criterion 1 represents the lowest level of kidney injury defined by the RIFLE (risk, injury, failure, loss, end-stage kidney disease) scoring system, which has been used in multiple studies and shown to be associated with in-hospital mortality [13, 14] . Criterion 2 has been proposed as a sensitive measure of kidney injury that also allows for detection in patients with higher baseline creatinine levels yet remains associated with length of stay and mortality [6] . An exploratory analysis was also performed with the most inclusive measure of AKI we could find (serum creatinine increase ≥0.3 mg/dl as defined by the Acute Kidney Injury Network) [14, 15] .
The primary outcome was the difference in AKI incidence between patients receiving vanc, piptazo or combV/P. Secondary outcomes included examination of risk factors for AKI. Concomitant nephrotoxic agents (defined as use within 24 h of vanc or piptazo) were intravenous (IV) contrast, aminoglycosides, amphotericin, NSAIDs and tenofovir. The following comorbidities were included: diabetes mellitus, hypertension, human immunodeficiency virus (HIV) infection, malignancy, and chronic kidney disease (CKD). CKD was defined as GFR <60 and was calculated automatically via the Modification of Diet in Renal Disease (MDRD) equation. Vanc and piptazo were dosed according to a hospital nomogram (Fig. 1) .The study was approved by the Emory University Institutional Review Board and Grady Memorial Hospital Research Oversight Committee. As this was a retrospective study, we obtained a formal waiver of subject consent from both oversight groups.
Statistical analysis
As per published literature, we estimated an inpatient AKI incidence of 10 % [6, 7] . With a rate of 10 %, a sample size of 100 non-critically ill hospitalized patients in each group produced a two-sided 95 % confidence interval with a width approximately 12 %. Additionally a sample size of 100 patients per antibiotic group (comb V/P versus monotherapy) provided 88 % power to detect a difference of 15 % in the proportion of patients with inpatient AKI (two-sided Fisher's exact test; significance level = 0.05). This power calculation assumed that 20 % of patients receiving comb/V/P developed AKI and that there was a reduction to 5 % in the monotherapy groups. Data analysis was performed using SAS software. The potential associations with AKI were evaluated using the Chi square test or Fisher's exact test. Baseline patient characteristics and risk factors significant to at least a P ≤ 0.10 were used in multiple logistic regression analysis.
Bootstrap bagging was used to identify stable and reliable predictors of AKI [16] . In brief, 1000 data sets were obtained by random sampling with replacement, automated forward stepwise regression was performed, and variables with p < 0.05 were identified. After aggregation of all analyses, variables appearing in 50 % or more of them were selected as reliable associations. In the final model, the odds ratio and its 95 % confidence interval were calculated for each factor in the presence of the others.
In addition, we performed a propensity score analysis incorporating the two groups with significant numbers of patients (vanc and combV/P groups). This was undertaken in order to account for treatment selection bias (i.e., systematic differences in clinical characteristics between patients in the two treatment groups that may affect treatment selection). Propensity scores or balancing scores were estimated using binary logistic regression with Vanc (vs combV/P) as the dependent variable. The independent variables for the propensity score model included covariates associated with treatment, outcome, and treatment and outcome. Covariates were included when the presence of the variable was found to be different in the univariate analysis between the two antibiotic groups with p value ≤0.1. Additionally, covariates were included that were found to have significant reliability >50 % in the first multivariable model with bootstrapping. The propensity or probability of receiving a particular treatment was calculated for each patient conditional on the covariates until an optimal balance on these covariates was achieved. To adjust for treatment selection bias, each patient was assigned a "weight" or influence when estimating the effect of treatment on acute kidney injury. The weight for each patient was inversely proportional to the probability of receiving the treatment to which they were assigned in reality (IPTW, inverse probability of treatment weighting). The weights were used in a propensity score-weighted logistic regression to determine the effect of treatment on AKI. Standardized differences were used to assess the balance of confounders between the two treatment groups using methods described by Austin [17] . A standardized difference less than 0.1 suggests negligible difference in the mean or prevalence of a covariate between treatment groups.
Results
A total of 1172 patients were reviewed. 944 patients met exclusion criteria (586 patients were excluded due to ICU or intermediate care unit transfer, 353 patients received antibiotics for less than 48 h, and 5 patients were excluded due to hemodialysis receipt).Therefore, a total of 228 patients were identified after review of 26 months of inpatient admissions: 101 patients on vanc monotherapy, 26 patients on piptazo monotherapy, and 101 patients on combV/P. Baseline patient characteristics including age, gender, race, renal function in creatinine clearance based on Cockcroft and Gault equation (CrCl), and body mass index (BMI) are listed in Table 1 . The majority of patients were male (64.9 %) and African-American (79.8 %). Comorbidities were common (39.9 % had hypertension, 21.9 % had HIV, and 21.5 % had diabetes). The most common indications for antibiotic usage were skin/soft tissue infection followed by pneumonia, bone or joint infection, and sepsis of unknown etiology. Piptazo doses were appropriate according to renal function in >90 % of cases and vancomycin doses were greater than 4 g daily in <5 % of cases. Median time of antibiotic exposure for the patients with AKI was 68, 61 and 46 h for vanc, piptazo and combV/P groups respectively (all p > 0.05 between groups).
The overall incidence of AKI in the study was 11.8 % (27 of 228 patients). AKI occurred in 4 of 101 patients in the vanc group (4.0 %), 4 of 26 patients in the piptazo group (15.4 %), and 19 of 101 patients in the combV/P group (18.8 %). None of the patients required renal replacement therapy due to AKI. However, there were significant differences between the antibiotic treatment groups in demographic characteristics ( Table 2) . Patients receiving piptazo monotherapy were less likely to be African-American (61.5 %) than those on vanc monotherapy (83.2 %, p = 0.02) or combV/P (81.2 %, P = 0.03). Patients receiving piptazo monotherapy were more likely to be on concomitant NSAID therapy (34.6 %) than those on vanc monotherapy (13.0 %, p = 0.01) or combV/P (8.9 %, P = 0.001). Other nephrotoxic agents that were examined (intravenous contrast, tenofovir, and aminoglycosides) were not used at significantly different rates between antibiotic groups. None of the patients in the study received other agents known to be associated with nephrotoxicity including amphotericin and calcineurin inhibitors.
Overall, patients on vanc or piptazo monotherapy had fewer cumulative comorbidities than those on combV/P. Specifically, patients on vanc were less likely to have hypertension (p = 0.01) and diabetes (p = 0.02) compared to patients on combV/P. Patients on piptazo were less likely to have HIV than patients on vanc (p = 0.03) or combV/P (p = 0.01). Not surprisingly, the indications for antibiotics were also significantly different between groups. Compared to patients on vanc and combV/P, patients on piptazo were significantly more likely to have urinary tract infection and intra-abdominal infection but significantly less likely to have bone/joint infection.
Patients on combV/P were significantly more likely to have pneumonia than patients on vanc or piptazo monotherapy (all P < 0.05).
In the univariable analysis (Table 3) , the odds of AKI were lower in the vanc group compared to both the comb V/P group (OR 0.178, p = 0.003) and to the piptazo monotherapy group (OR 0.227, p = 0.047). There was no significant difference in AKI between the piptazo and combV/P groups. For the exploratory analysis using the most conservative measure of AKI (creatinine increase of at least 0.3 mg/dl), the frequency was again higher in the combV/P group (26 of 101 or 25.7 %) compared to the vanc monotherapy group (11 or 101 or 10.9 %, p = 0.006). Also in this exploratory analysis, AKI occurred in 6 of 26 patients (23.1 %) of the piptazo group, which was not statistically different compared to the vanc group (p = 0.10) or compared to the combV/P group (p = 0.78). Table 3 For the traditional multivariable analysis with logistic regression, there were 179 patients, 22 with AKI (see Table 4 ). By bootstrap bagging, the following factors occurred in over 50 % of models and were thus kept in the model: antibiotic group (84.1 %), sex (67.4 %), baseline creatinine clearance (per 10 ml/min increase) (65.4 %), African-American versus caucasian race (57.3 %), and skin/soft tissue infection (52.1 %). The other factors from Tables 2 and 3 with p ≤ 0.10 occurred in <50 % of models and thus were not kept in the model. In the final model, vanc monotherapy (OR 0.14, 95 % CI 0.04-0.52, p = 0.004) as well as piptazo monotherapy (OR 0.15, 95 % CI 0.03-0.83, p = 0.03) were associated with lower odds of AKI compared to comb V/P. Male sex was also associated with lower odds of AKI (OR 0.28, 95 % CI 0.10-0.79, p = 0.02). There was also a trend for increasing creatinine clearance to be associated with higher odds of AKI (p = 0.05) and for skin/soft tissue infection to be associated with lower odds of AKI (p = 0.06).
Given the very small number of patients in the piptazo group, we henceforth focused the propensity score logistic regression analysis on only the vanc and combV/P groups. The significant covariates from Tables 2 and 4 included race, baseline creatinine clearance, pneumonia, diabetes, hypertension and skin/soft tissue infection. We did not include subjects who lacked creatinine clearance data in the propensity score analysis, leaving 161 subjects to be analyzed by IPTW (see Table 5 ). Vanc monotherapy again was associated with a decreased odds ratio for AKI compared to combV/P (adjusted OR 0.17; 95 % CI 0.04-0.62, p = 0.008). Male sex was also again associated with decreased odds ratio for AKI (adjusted OR 0.28, 95 % CI 0.09-0.89, p = 0.03). There were no other statistically significant associations with AKI in the propensity score analysis.
Discussion
Given the high frequency of infections in hospitalized patients caused by drug resistant pathogens, empiric broad spectrum antibiotic use will be common for the foreseeable future. In this retrospective study of noncritically ill inpatients, we found that compared to vanc monotherapy, the odds of AKI were over five times higher during combV/P therapy. We also found that odds of AKI were significantly lower for males during therapy with these antibiotics. These associations remained statistically significant in the multivariable analyses that included propensity scoring.
Table 4 Multivariable logistic regression analysis for factors associated with AKI (179 patients and 22 with AKI)
Risk factors with reliability less than 50 % included pneumonia (48 %), hypertension (33 %), BMI (28 %), NSAIDS (25 %), bone or joint infection (19 %), diabetes (13 %), HIV (11 %), and total number of comorbidities (10 %) a Percentage of times each risk factor appeared in 1000 bootstrap multivariable analyses. Risk factors with reliability <50 % were not included in the multivariable model
Risk factor
Odds ratio (95 % CI) P Reliability a (%) At the time of this study, there was a paucity of published data examining the incidence of AKI with combV/P therapy versus monotherapy with either agent, particularly in hospitalized patients who are not critically ill [18, 19] . Since we completed our analysis, however, two studies were published in 2014 that focused on this question in non-critically ill hospitalized patients [20, 21] . Each study incorporated definitions of AKI similar to ours and both also showed that combV/P was independently associated with AKI compared with vanc monotherapy. In the study by Burgess et al., 191 patients who had received treatment with vancomycin were analyzed. In a multivariable analysis, comb V/P was associated with an AKI odds ratio of 2.48 (p = 0.032) compared to vanc monotherapy. In the study by Meaney et al., 125 patients treated with vancomycin were analyzed. Again, comb V/P was associated with an AKI odds ratio of 5.36 (95 % CI 1.41-20.5) compared to vanc monotherapy in multivariate analyses. Our study provides further proof of this association and extends the finding to a setting in which patients are predominantly African-american. Our study provides additional evidence through a propensity score analysis that shows the same statistically significant AKI odds ratio associated with combV/P. While a randomized controlled trial would be ideal to evaluate such risks, propensity score analysis can provide an estimate of the likelihood of exposure based on demographics and other co-morbidities.
The mechanisms that could underpin AKI during combV/P are not clear at this time. Beta lactam agents, in particular penicillin derivatives, are purported to cause AKI through interstitial nephritis [22] . Interestingly, the study by Meaney et al. found that almost one-third of patients with AKI also had either eosinophilia or eosinophiluria. This may be additional evidence that AKI on combV/P may be in part immune mediated. It should be noted that there are conflicting reports on whether combV/P is more associated with AKI than the combination of vancomycin and cefepime and other cephalosporins [23, 24] . Therefore, AKI during combination therapy with vancomycin and beta-lactams may or may not be a class effect. Larger prospective studies are needed to more definitively address this question.
Our multivariable analysis showed that female patients were more likely to develop AKI during treatment with at least one of the two antimicrobials in the study. To our knowledge this finding has not been previously reported, but female gender has been identified as a risk factor for AKI in the most recent Kidney Disease Improving Global Outcomes (KDIGO) statement [25] . The mechanism for this is unclear, but based on our study clinicians should be aware that female inpatients may be at higher risk for AKI during treatment with vanc or piptazo. Unexpectedly, we found a trend for increased AKI odds with increasing creatinine clearance (by 10 ml/ min increase). This association is counterintuitive but has also been found in at least two other studies of vancomycin nephrotoxicity which also used the Cockroft-Gault (CG) equation for estimate of renal function [21, 26] . Both antibiotics are dosed renally meaning that patients with higher CrCl are often given a higher dose of drug. This may have played a role in this finding. However, this association became statistically non-significant in the propensity score analysis. We also acknowledge that the CG equation is not considered the gold standard for measurement of renal function and has variability based on body surface area [27] . It would be ideal to measure glomerular filtration rate directly in order to gauge renal function, but the feasibility of accomplishing this in a large study is significantly lower.
We acknowledge the other limitations of our study. Propensity scoring is one way to compare the risks of exposure to drug (and thus can in some ways account for demographic and disease differences), but is not a perfect substitute for a randomized trial. For example, the lower odds of AKI associated with skin/soft tissue infection could be a reflection of less severe illness and may have influenced the finding of lower AKI odds in the vanc monotherapy group. While we attempted to account for illness severity in the multivariable analysis and propensity score analysis by including comorbidities and indication for antibiotics, we were not able to perform analyses of illness severity as measured by scores such as APACHE (Acute Physiologic Assessment and Chronic Health Evaluation) and other equations [28] . Ideally, prospective studies are necessary to address causality and a randomized clinical trial would be the most rigorous means to determine a causal treatment effect.
We also acknowledge the lack of collection of some data points, including duration of hospitalization. We Table 5 Logistic regression with inverse probability of treatment weighting to address treatment selection bias (n = 161)
Odds ratio (95 % CI) P also were not able to evaluate the potential role of vancomycin concentrations in this study of AKI. While very few patients in the group as a whole were given vancomycin dosing greater than the 4 g daily threshold that has been shown to be associated with AKI, we were not able to specifically analyze whether this was a risk factor for AKI at an individual level. We also did not analyze the data with respect to the companies that provided the drugs over the course of the study. We did not assess the reversibility of AKI over time, but did find that there were no patients who required renal replacement therapy during the hospitalization. As with other recently published studies, we excluded patients who received antibiotics for less than 48 h [20, 21] . However, other study designs may have been appropriate, such as including all patients who had at least one dose of antibiotic. For the definition of AKI in our study, we chose to include the lowest level of injury defined by the RIFLE criteria as well as an additional criterion that has been advocated by some experts to define AKI. It is possible that the use of these two criteria was overly inclusive and that the results may have been different if a more stringent definition of AKI had been used. However, we believe that an inclusive definition was appropriate for this study given that even low levels of renal injury have been associated with poor clinical outcomes in hospitalized patients [14] . It is also possible that our definition of AKI was not inclusive enough. However, an exploratory analysis using a particularly inclusive measure of AKI also showed increased AKI in those on combV/P compared to vanc monotherapy.
Conclusions
In summary, in a sample of non-critically ill inpatients, we found increased odds for acute kidney injury associated with combination vancomycin + piperacillin/tazobactam compared to vancomycin monotherapy. Additionally, we found female sex to be independently associated with AKI during therapy with these antimicrobials. The associations remained significant in robust multivariable analyses and propensity score analyses. These findings provide further justification for narrowing antibiotic coverage when possible after this combination has been initiated in hospitalized patients. Larger multicenter prospective studies are needed to confirm these findings.
